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EXPERIMENTAL INVESTIGATION OF ADVANCED CONCEPTS 
TO INCREASE TURBINE BLADE LOADING 
V. PERFORMANCE EVALUATION O F  
JET-FLAP  ROTOR  BLADE 
by H. G. Lueders 
Allison Division, General Motors 
SUMMARY 
The  performance of a single-stage  turbine with a jet-flap  rotor  blade  was 
investigated  over a range of equivalent  speeds  and  expansion  ratios. Two jet-  
flap  slot  widths  were  tested. For each  slot width, a preliminary  test of the 
effects of the secondary airflow on the turbine performance was made. Based 
on these  tests, a nominal  value of secondary flow was  selected  for  each  slot  and 
the overall turbine performance measured. The results of this investigation are 
compared with  the  performance of a plain  rotor  blade  designed  to  the  same  aero- 
dynamic requirement. Both rotors  were  tested with the same  stator. 
The  efficiency of the  jet-flap  turbine  with  the  small  slot was 90. 1 percent 
at  design  speed and  expansion  ratio, and the  secondary  mass  flow  rate was 4 
percent of the primary flow rate.  At corresponding operating conditions, the 
large  slot  rotor  passed 5 percent  secondary flow  and  produced  an overall  efficien- 
cy of 91. 1 percent.  These  efficiencies  are  based on the  ideal  work of the  primary 
s t ream only. The corresponding plain blade turbine efficiency was 88.4 percent. 
The  equivalent flow of the  jet-flap  turbine  was  less  than  that of the  plain  blade and 
decreased further as secondary flow was increased. Static pressure measure- 
ments  taken  at  the  stator and rotor hub  and tip  exits  indicated  that  increasing  the 
secondary flow rate  increased  the  stage  reaction.  The  rotor hub reaction  for both 
jet-flap  configurations  was  impulse  up  to an expansion  ratio of 2.06 and was 
positive at larger  expansion  ratios.  The  plain  blade  rotor hub reaction  was  neg- 
ative  at  expansion  ratios  less  than 2. 1, impulse  at 2. 1, and positive at larger  ex- 
pansion  ratios. 
INTRODUCTION 
The  analysis  and  optimization of propulsion  systems  have  always  involved a 
balance o r  trade  between  the  turbine  efficiency  and  the  turbine  size and  weight 
reduction. The reduction of turbine diameter, solidity, and/or stage reaction 
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generally  results  in a smaller  and/or  lighter  turbine  but at some  sacrifice  in 
efficiency  because of the losses  associated  with  increased  blade  loading. If 
the  size and  weight  reduction  can  be  accomplished  without a loss  in  efficiency, 
considerable  gains are available  to  the  overall  propulsion  system. 
The  Lewis  Research  Center  has  initiated a program  to  investigate  concepts 
to  increase  turbine  blade  loading without the associated  losses  currently  en- 
countered.  The first phase of the test program  consisted of testing  a  plain  rotor 
blade  which  had  high  suction  surface  diffusion.  The  performance of this  blade, 
which forms  the  program  base  line, is presented  in  reference 1. For  compari- 
son,  the  following  three  different  blading  concepts  have  been  evaluated: 
0 Vortex  generators,  often  called  boundary  layer  trip  devices 
0 Tandem airfoils 
0 Jet  flap 
The  analyses  and  design of these  three  concepts  are  presented  in  reference 
2. The  performance of the  vortex  generators is presented  in  reference 3 and 
the performance of the tandem blade is presented  in  reference 4. The  perfor- 
mance of the  jet-flap  blade is presented  herein  and is shown  in  Figure 1. 
The  jet-flap  blade  has a narrow  radial  slot on its pressure  surface  near  the 
trailing  edge  through  which  a  sheet of high  velocity air is ejected at an  angle  to 
the  mainstream flow.  The  interaction of the  mainstream and jet  causes both 
streams  to  deflect,  resulting  in  a  velocity and static  pressure  distribution which 
is altered  from  that  experienced when the  jet is off. The  altered flow condi- 
tions  occur  over  the aft portion of the  airfoil and generate a greater lift. In 
particular,  the  large  diffusion  usually  present on the  suction  surface of a highly 
loaded  blade is reduced.  This is accomplished by the  jet which increased  the 
blade  suction  surface  velocity  near  the  trailing  edge,  resulting  in  increased  loading, 
lower  suction  surface  diffusion, and reduced  chance of flow separation. 
This  report  presents  the  results of two tests of a  single-stage  turbine  incor- 
porating  a  jet-flap  rotor  blade.  The  initial  test  was  conducted  using  a  small  jet- 
flap  slot width. After this test was completed, the slot was increased in width 
and  the  turbine  retested. For each  slot width, the  pressure  ratio of the  jet  was 
changed-higher  for  the  small  slot and lower  for  the  large  slot. A comparison 
of these  effects on turbine  performance is presented  as  well  as a comparison 
with  the  plain  blade results of reference 1. 
For  each of the  slots,  a  preliminary test was  made  to  select  a  secondary- 
to-primary  pressure  ratio (PTI/PTo) a t  which  maximum o r  near  maximum 
efficiency  was  obtained.  The  test  consisted of taking  performance  data  at  con- 
stant  equivalent  speed  over  a  range of expansion  ratios  for  three  secondary flow 
rates.  With the  selected  secondary-to-primary  pressure  ratio  held  constant, 
performance  data  were  then  taken  from 70 to 110 percent of design  equivalent 
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speed  in  increments of 10 percent  over  a  range of expansion  ratios of 1.4 to  a 
level  near  limiting  loading. For all  testing,  the  secondary  air  total  temperature 
was  maintained  within 15 degrees of the  turbine  inlet  total  temperature. 
Two rotor  exit  surveys  were  conducted at  the  design  equivalent  speed  and 
expansion  ratio.  Circumferential  traverses with a combination total pressure,  
temperature, and  yaw  angle probe  were  made  at  constant  radii  to  map  the  flow 
characteristics at the  rotor  trailing  edge. A hot-wire  anemometer  survey  was 
also  made at the rotor trailing edge to  provide'  additional  insight  to  the  rotor 
exit flow characteristics.  Measurements  were  also  taken of the mean-line blade 
surface  static  pressure  at  design  equivalent  speed  for  expansion  ratios below, 
at, and above design. 
All  testing  was  conducted  while  operating  the  test  rig  using  inlet  conditions 
of approximately 1 . 9  atmospheres  absolute  pressure and 660"R temperature. 
3 
SYMBOLS 
cf 
E 
H P  
. m 
N 
P 
u r  
V 
r 
6 0  
61 
€ 
blade  slot flow coefficient  defined as the  ratio of measured 
secondary  equivalent flow at blade  inlet  plenum  (Figure 44) 
to  ideal  equivalent flow based on inlet  plenum-to-slot  exit 
static  pressure  ratio  and  measured  slot  area 
specific work output, Btu/lb 
horsepower output of turbine  based on torque and rotational  speed 
mass flow rate ,   lb /sec 
rotational speed, rpm 
pressure,  psia 
blade  tangential  velocity,  ft/sec 
absolute gas velocity, ft/sec 
torque, ft -1b 
ratio of turbine  inlet  air  total  pressure  to  standard  sea  level 
conditions 
ratio of secondary air inlet  (station I) total  pressure  to  standard 
sea  level  conditions 
function of y defined as Y *  -
Y 
adiabatic  efficiency  defined  as  the  ratio of turbine  specific  work 
based on torque,  primary weight flow, and speed  measurements 
to  ideal  work  based on inlet  total  temperature,  inlet  total  pressure 
(defined as the  sum of static  pressure plus pressure  corresponding 
to gas velocity), and outlet  static  pressure 
adiabatic  efficiency  defined  as  the  ratio of turbine  specific  work 
based on torque,  primary weight flow, and speed measurements 
to  ideal  work  based on inlet  total  temperature and  inlet and outlet 
total  pressure  (both  defined  as  the  sum of static  pressure plus 
pressure  corresponding  to  gas  velocity) 
adiabatic  efficiency  defined as the ratio of turbine  work  based on 
measured  inlet and exit  total  temperature  to  ideal  work  based on 
measured  inlet  total  temperature and pressure and measured 
exit  total  pressure 
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71th 
h 
J 
Bcr 
T 
V 
W 
Subscripts 
0 
3 
5 
6 
avg 
c r  
I 
m 
P 
re1 
S 
st 
T 
t 
X 
thermodynamic  efficiency  defined  in  text 
enthalpy, Btu/lb 
mechanical  equivalent of heat, 778. 16 ft-lb/Btu 
squared  ratio of critical  velocity at turbine  inlet  temperature  to 
critical  velocity at standard  sea  level  temperature 
temperature, OR 
ratio of blade  speed  to  isentropic  gas  velocity  based on inlet  total 
temperature and pressure  and  exit  static  pressure 
V' 
relative gas velocity, ft/sec 
station at stator  inlet  (all  stations shown  in  Figure 4) 
station at free-stream conditions  between  stator  and  rotor 
station  at  outlet of rotor  just  downstream of trailing  edge 
station  downstream  from  turbine 
average 
conditions  at  Mach  number of unity 
secondary air inlet  station 
mean  line 
primary  airstream 
relative condition 
secondary  airstream 
static condition 
stagnation or  total  conditions 
tip  radius 
axial 
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Superscripts 
1 prime  "isentropic condition 
* standard  condition 
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APPARATUS AND INSTRUMENTATION 
The  analyses  and  design of the  turbine test r i g  and the  blading are  dis - 
cussed  in  detail  in  reference 2. This  reference  includes  the  tabulated  coordin- 
ates  for  the  stator and rotor  blades.  The  turbine  has a constant  hub  diameter 
of 21.0 inches  and a constant  tip  diameter of 30.0 inches.  The  unit  has 40 stator 
blades and 76 rotor  blades.  The  overall  design point equivalent characteristics 
are : 
0 Equivalent specific work output, E /  0 cr, Btu/lb. . . . . . . . . . . .  20. 0 
Equivalent weight flow, mP-r c 160, lb / sec .  . . . . . . . . . . . .  45.51 
0 Equivalent blade tip speed, ( u r ) t / , / G ,   f t / s e c z .  . . . . . . . . . .  ,610. 0 
The  design  velocity  diagrams are shown  in  Figure 2 and the  section  pro- 
files are shown  in  Figure 3. A photograph of the  jet-flap  blade is shown  in 
Figure 1. The  radial  clearance  between  the  blade  tips and the  turbine  casing 
is approximately 0.030 inch. 
The  apparatus  used  in  this  investigation  consisted of a single-stage cold air 
turbine  test  rig,  suitable  housings  to  provide  uniform  inlet flow conditions, and 
a dynamometer  to  absorb and measure the turbine power output. Airflow is 
supplied  to  the  test  rig by a separate air compressor  facility.  The  air is sup- 
plied at approximately  2-atmospheres  pressure and a temperature of approxi- 
mately 660"R. The  facility  air  can be  heated or cooled by heat  exchangers  and 
enters  the  plenum  chamber  through two diametrically  opposed  pipes.  The air 
passes  through  the  turbine  blading and discharges  into  the  facility  exhaust  sys- 
tem.  Inlet  pressure is controlled by the  separate air compressor  supply  and/or 
by a throttle  valve  in  the  inlet  supply  line.  The  turbine  expansion  ratio is con- 
trolled by a throttle  valve  in  the  exhaust  system  duct.  The  turbine  exhaust  may 
either be discharged  to  the  atmosphere or  directed  to  an  evacuator  facility  to  pro- 
vide below ambient  exhaust  conditions. 
The  turbine  test  rig  instrumentation is described  in  detail  in  reference 2. 
The  combined  primary and secondary  airflow is measured  using a Bailey  adjust- 
able  orifice  calibrated  with an ASME flow nozzle.  The  secondary air supply is 
bled  from  the  system  between  the  Bailey  adjustable  orifice  and  the  turbine  inlet 
plenum. Secondary airflow is measured  with  an ASME thin-plate  orifice  sized 
to  meet  the  anticipated flow  range.  The  turbine  power  output is absorbed  by  two 
Dynamatic  dry-gap  eddy  current  brakes.  The  torque of each  dynamometer is 
measured  separately  by a dual  output  strain  gage  load  cell  connected  in  tension 
to  the  dynamometer  torque  arm. 
Measurements of total  temperature and total  pressure  were  made at s t a -  
tions 0 and 6 (Figure 4). Turbine  inlet  temperature  was  measured  with 20 iron- 
constantan  thermocouples  arranged  five  to a rake.  The  sensing  elements were 
located on centers of equal  annular  areas,  and  the  rakes  were  spaced 90 degrees 
apart. Four Kiel type total pressure probes, also located at the inlet, w e r e  
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used  to  establish the desired  inlet  total  pressure.  Secondary air inlet  total 
temperature and pressure  were  measured  by two  combination  total  temperature 
and  pressure  probes  located  at  station I.
The  turbine  exit  measuring  station  (station 6, Figure 4) was  instrumented 
with  five  combination  total  pressure,  total  temperature  self-aligning flow angle 
probles.  The  sensing  elements of the five combination probes were located at 
the  center of five  equal  annular  areas. 
Four  static  pressure  taps on both the  inner and outer  walls  were  located 
around the annulus at stations 0, 3,  5, and 6.  Stator outlet (station 3)  static 
pressure  taps  were  centrally  located on the  projected  stator flow passage  immed- 
iately  downstream of the  stator  blade  trailing  edge. 
Two surveys  were  made  approximately 1 / 8  -inch  downstream of the  rotor 
blade trailing edge (station 5, Figure 4). Total pressure, total temperature, 
and flow angle  were  measured  at  five  radii  from hub to  tip  for a circumferential” 
a r c  of 22 degrees.  The  measurements  were  taken  concurrently with a single  com- 
bination  probe.  The  second  survey w a s  made  with a hot-film  anemometer  probe 
consisting of a radially  mounted  0.002-inch  diameter  quartz  rod  with a very  thin 
platinum plating over the quartz. The maximum frequency response of the  sen- 
sing  element is approximately 40, 000 Hertz.  This  probe  was  installed  in  the 
same mounting pad as the  pressure,  temperature, flow angle probe and was 
positioned  circumferentially to avoid the  stator  wakes  determined  from  the  total 
pressure  survey of an earlier  test  (reference 1). 
The  blade  surface and  blade  cavity  static  pressure  measurements  were  ob- 
tained by means of a Scanni-Valve pressure  switch  located on the axis of r o -  
tation of the  rear  turbine rotor shaft.  The  pressure  switch  outlet  line is direct- 
ed  through a rotating-to-stationary  seal  where  the  signal is measured by means 
of a transducer.  The  pressure  switch is indexed electrically through a slip  ring 
assembly. 
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CALCULATION PROCEDURE 
OVERALL TURBINE PERFORMANCE 
The  turbine  performance was  rated on the  basis of two expansion  ratios  de- 
fined  as (1) the  ratio of the  inlet  total  pressure-to-rotor  discharge  static  pressure 
and (2) the  ratio of inlet  total  pressure-to-rotor  discharge  total  pressure.  The 
inlet  total  pressure  at  station 0 was  calculated  from  continuity  using  the  average 
of the 20 measured  total  temperatures,  the  average of the hub  and tip static 
pressures,  the  primary  mass flow rate, and the inlet annulus area. The flow was 
assumed  to be axial. The  turbine  exit  static  pressure  was  calculated as the  aver- 
age of the  hub and tip  static  pressures.  The  exit  total  pressure  at  station 6 was 
calculated  from  continuity  using  the  sum of the  primary and secondary flow rates,  
the annulus area,  the  average of the hub and tip  static  pressures,  the  average flow 
angle, and the  total  temperature.  The  total  temperature  used  in  the  calculation of 
the  exit  total  pressure  can be explained  by  means of the  following  equations.  The 
specific  work  output  based on the  primary flow only is 
E =  2 7 ~  r N  
60 J fhp 
The  enthalpy of the  primary flow at  the  turbine  exit  may be  defined as 
However, at  station 6 if the  jet flow and primary flow are  assumed  mixed,  the 
enthalpy is 
ktp h6 + As hI 
h6,  avg = 
- 
+I +J+ls P 
The  turbine  exit  total  temperature  can  then be found with air  tables, 
TT6 = (h6, avg ) 
With the  total  temperature  at  station 6 known, the  exit  total  pressure  was  calculated 
and  the  turbine  total-to-total  pressure  ratio  determined. 
The  turbine  efficiencies were  calculated  with  the  following  equations, 
q s t =  E 
E'T -st 
q T  = E 
E'T-T 
where  the  ideal  specific  work is calculated  from  the  inlet  total  temperature and  the 
appropriate  expansion  ratio  previously  defined. 
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ROTOR EXIT SURVEY 
The  performance of the  turbine as described by a rotor  exit  survey at the 
design  point  condition is based  on  measured  expansion  ratio,  inlet  tempera- 
ture, and exit  temperature.  The  measured  expansion  ratio is based on the 
average  total  pressure  indicated  by  the  four  inlet Kiel probes  and  the  exit  total 
pressure  measured by the  survey  probe.  The  inlet  total  temperature is the 
average  temperature of the 20 inlet  thermocouples;  the  exit  total  temperature 
is measured  by  the  thermocouple on the  survey  probe.  These  thermocouples 
were  calibrated  for Mach  number  based on a  linear  variation of hub and  tip 
static  pressure and  the  measured  total  pressure.  The  local  isentropic  work of 
the  turbine is based on the  measured  inlet  temperature  and  measured  total  pres- 
sure  ratio.  The  actual  work is the difference of the enthalpies associated with 
the  measured  inlet and exit  temperatures.  The  local  efficiency is the  ratio of 
the  actual  work  to  the  isentropic  work. 
The  measured  absolute flow angle  and  an  assumed  linear  variation of static 
pressure  f rom hub to  tip  were  used  to  determine  the  velocity  diagrams at the 
rotor  exit.  The  stator  exit  whirl  was  calculated as a function of circumferen- 
tial position at each  radial  depth  from  the  work  based on the  measured  tempera- 
tures, the blade speed, and the rotor exit whirl. These stator exit whirls and 
rotor  exit  relative  angles  were  then  used  to  determine  the  rotor  relative  total 
pressure  loss  from  the  hot-wire  survey. 
HOT  -WIRE  SURVEY 
The  procedure  followed  for  the  reduction of the  basic  hot-wire  electronic 
signals is described  in  reference 5. Reduced data indicate the variation of ab- 
solute  gas  velocity and total  temperature with time  as  well  as  location.  The 
reduction of these  variables  to a loss of rotor  relative  total  pressure is describ- 
ed  in  reference 6 .  The  rotor  exit  relative  discharge  angle  and  the  stator  exit 
whirl  velocity  were  determined  from  the  rotor  exit  survey  calculation  rather 
than  using  the  design  value.  The  stator  exit  absolute  total  pressure  was  based 
on  the  measurement of the  stator  loss  survey  (reference 1). 
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EXPERIMENTAL RESULTS 
The  experimental results of the two tests of the  jet-flap  turbine  are  pre- 
sented  in  this  section.  The  performance of the  turbine  with a small   slot  width 
is presented first, followed by the  performance  results of the  turbine  with  the 
slot width  enlarged. For  each  slot  width,  the  results of the  secondary  airflow 
test, the  overall  turbine  performance,  the  local  efficiency  survey, and the  rotor 
exit hot-wire  survey are presented. 
PERFORMANCE WITH SMALL JET-FLAP SLOT WIDTH 
The  jet-flap  blade  was  tested  with  a  0.022-inch  slot width. The  slot width 
was  increased  from the 0.015-inch  width  recommended in reference 2 after 
flow calibration  data  indicated a lower  slot-flow  coefficient  than what was  origin- 
ally  used.  The  slot-flow  coefficient tests wer,e made at the  Lewis  Research 
Center and are  described  in Appendix I. 
Secondary  Airflow  Survey 
The  secondary  airflow  survey  was  conducted  at 87 percent of design  equi- 
valent  speed  and  secondary-to-primary  total  pressure  ratios (PTI/PTo) of 
0.985, 0,928, and 0.785. These pressure ratios correspond to secondary air- 
flow rates of 3.75, 3.4, and 2. 5 percent of the  primary  mass flow rate. The 
survey  was  conducted  at 87 percent  speed  rather  than  design  equivalent  speed 
because  blade  vibrational  problems  at  low  secondary  airflow  rates  prevented 
operation at speeds in excess of 90 percent.  The  total  temperature of the secon- 
dary air (TTI)  was  maintained  equal  to  the  turbine  inlet  temperature of the  primary 
air.  The  range of turbine  expansion  ratios  covered  was  selected s o  that  blade- 
jet  speed  ratios on either  side of the  design  value  (0.438)  were  obtained. 
The  turbine  total-to-total  efficiency is shown  in Figure 5 as  a  function of 
blade-jet speed ratio and secondary-to-primary  pressure  ratio.  Over  the  range 
of variables  investigated,  the  maximum  efficiency was  obtained  at  the  highest 
secondary  airflow  rate. At the design blade-jet speed ratio of 0.438, the effi- 
ciency  was 90. 5  percent  compared  to 89.2 percent for the  minimum  secondary 
airflow  rate.  The  total-to-static  efficiency is shown in Figure 6 as a function 
of turbine  total-to-static  expansion  ratio  for  the  three  secondary flow rates.  The 
same  general   characterist ics  are exhibited as for  the  total-to-total  efficiency, 
Figure 7 shows  the  turbine  primary  equivalent flow to be a function of the 
secondary-to-primary  pressure  ratio  as wel l  as the  overall  expansion  ratio. At  
a  given  expansion  ratio,  an  increase  in  the  secondary-to-primary  pressure  ratio 
caused  a  reduction  in  the  primary flow rate. This  characteristic  may  have  poten- 
tial  application  to  gas  turbine  engines  where  the  jet  flap is used as an  aerodynamic 
flow area  control  device. 
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A plot of the  stator  exit hub  and t ip  static  pressure as a function of overall 
total-to-static  expansion  ratio and secondary-to-primary  pressure  ratio is 
shown in  Figure 8. The  data  show  that a change  in  the  secondary-to-primary 
pressure  ratio at a given  overall  expansion  ratio  changes  the  reaction  charac- 
teristics  across  the  turbine. An increase  in  the  secondary flow rate  decreases 
the  stator  expansion  ratio  corroborating  the  associated  reduction of primary 
equivalent flow and  increases  the  rotor  expansion  ratio.  This  characteristic  in- 
dicates  that  the  secondary  airflow  rate  varies  the  effective flow capacity of the 
turbine  rotor. 
From  the  results of the  secondary flow test, a secondary-to-primary  pres- 
sure  ratio of 0.  985 was  selected  for  the  overall  turbine  performance  test.  The 
basic  consideration  made  in  the  selection of this  parameter  was  to  obtain a high 
turbine efficiency. Also, the quantity of secondary flow ( 3 .  75 percent)  at  the 
0.985  pressure  ratio was  close  to  the 4 percent  design  value  for  the  small  slot. 
Overall  Turbine ~~ Performance ~ 
The  overall  performance of the  turbine  with  the  small  jet-flap  slot width is 
shown in Figure 9. This map presents the turbine equivalent work (E/ 8 c r )   a s  
a function of the  equivalent  flow-speed  parameter (A NE/~OSO)  for   l ines  of con- 
stant  total-to-total  expansion  ratio  (PTO/PT~)  and  equivalent  rotor  speed ( N / w r ) .  
Contours of constant total-to-total efficiency ( q T)  are   a lso included. The design 
equivalent  work  and  speed a re  indicated by point A, while  the  design  equivalent 
work and flow-speed  parameter  are shown by point B. Comparison of the flow- 
speed  parameter of these two  points  indicates  that  the  turbine flow capacity  was 
4. 1 percent  greater  than  design.  This  variation  from  the  design  value is partly 
the  result of a larger  than  design  stator flow area,  This  occurred  during a 
stator  welding  operation  described  in  reference 1. The  turbine  exhibited a very 
broad  range of efficiency  in  excess of 90 percent  with a peak  efficiency  exceed- 
ing 9 1  percent. 
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The  variation of primary  equivalent weight  flow  with overall  total-to-total 
expansion  ratio and equivalent  speed is shown  in  Figure 10. At the  design  ex- 
pansion  ratio of 2. 1 and design  speed,  the  turbine  equivalent  flow  capacity  was 
47.6 lb/sec compared to  the design value of 45.51 lb/sec. This corresponds 
to an excess flow capacity of 4. 6 percent.  The  effect of increasing  equivalent 
speed  at a constant  expansion  ratio  produces a reduction  in  turbine  equivalent 
flow. 
Figure 11 illustrates  the  variation of equivalent  torque (I? E /  6 0 )  with equiv- 
alent speed and total-to-total expansion ratio. At 90, 100, and 110 percent of 
design  speed and at  the  high  values of expansion  ratio,  there is a sudden  change 
in  the  slope of the  curves,  indicating  that  the  turbine  probably  has  reached 
limiting  loading, At  70  and 80 percent of design  speed,  ,expansion  ratios  were 
limited  to  1.81 and 2. 31, respectively,  because of high blade vibration. 
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The  variation of total-to-total  efficiency  with  blade-jet  speed  ratio  and 
equivalent  speed is shown  in  Figure 12. The  data show a peak  efficiency of 
91 percent at a blade-jet  speed  ratio of 0.51. The  abrupt  decrease in efficien- 
cy  with  decreasing  blade  jet-speed  ratio  for  the 90, 100, and 110 percent  speed 
lines  corresponds  to  the  flattening of the  torque  curves in Figure 11. 
The  mode of conducting  the  test  at a constant  ratio of secondary-to-primary 
total  pressure  results  in a variation of secondary flow rate with  equivalent 
speed  and  expansion  ratio.  This  characteristic, shown in  Figure  13,.  illustrates 
the  variation of equivalent  secondary  airflow  rate as a function of equivalent 
speed  and  total-to-static  expansion  ratio.  The  secondary flow rate  varied  from 
3.5  percent  at low speed and expansion  ratio  to  approximately  4.24  percent  at 
high  speed  and  expansion  ratio. 
Figure 14 shows  the  hub and tip  static  pressure  variation  through  the  tur- 
bine  as a function of overall  total-to-total  expansion  ratio  at  the  design  speed 
condition. A t  the  design  expansion  ratio of 2. 1, the  stator  exit hub static  pres- 
sure  is equal  to  the  rotor  exit hub static  pressure of 0.  395, indicating  an  impulse 
condition. This is comparable  to  the  design  value of 0.362 at  the  stator hub exit 
and of 0.410 at  the  rotor hub exit.  This  increased  rotor hub reaction  level is 
caused by an increase  in  stator flow area  and a reduction  in  rotor  effective flow 
area which is partially  caused by the  trailing  edge  jet. 
Blade  surface  static  pressure  measurements  were  taken  at  the  rotor  blade 
mean  line  while  operating at design  equivalent  speed and expansion  ratios of 1. 85, 
2.09, and 2 .29 .  The data are shown in Figure 15. Measurements of the blade 
internal  cavity  pressure  were  also  made  indicating a level of 0. 9 to 0. 95. This 
level  reflects  considerably  greater pumping loss  than  originally  assumed when 
compared  to  the  design  value of 1. 16. The  cause  for  the  discrepancy is not known 
but  could  be  the  result of faulty  instrumentation. 
Rotor  Exit  Efficiency  Survey 
Circumferential  traverses of a combination  total  pressure,  temperature, 
and yaw angle  probe  were  made  at  constant  radii  to  map  the flow characteristics 
at  the  rotor  trailing  edge.  These  surveys  yield  the  circumferential  variation of 
temperature  ratio  [(TTO-TT~)/TTO],  total  pressure  ratio  (PTO/PT5),  blade 
exit absolute flow angle, and local efficiency (qt). Typical examples of these 
survey traces are shown in Figures 16 through 19. From these surveys, a 
contour  map of turbine  efficiency  (Figure 20) was  constructed  based on the 
locally  measured  total-to-total  expansion  ratios  and  the  temperature  ratio. 
The  efficiency  contours  shown a r e  the  result of flow losses  incurred  in both 
the stator  and  rotor. 
The hub  region  shows  large  areas of high loss.  The  areas of efficiency be- 
low 75 percent  probably  represent  the  stator hub core  loss  passing  through  the 
rotor.  The low magnitude of efficiency  in  the hub region could be the  result of 
the jet stream  failing  to  negotiate  the  sharp  turn  inside  the  blade  in  the  hub  region. 
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Figure 21a is a schematic of the  probable  jet flow pattern.  There  were  no  turn- 
ing  vanes  inside  the  blade  to guide the  secondary flow. A later test with tufts 
attached  to  the  blade  trailing  edge,  shown  in,Figure 21b, verified  this  conclusion. 
The  top  region also shows  evidence of the stator  wakes  whereas  the  midspan  por- 
tion of the  annulus  does  not  show the strong  prominence of these  wakes.  This 
probably  indicates a strong  influence of the  jet in filling  these  wakes  in  the  mid- 
span  portion but not at the  hub and tip. A graphical  integration of the  contour 
map  results  in  an  efficiency of 85.4  percent  compared  to  90.1  percent  based on 
torque  measurements.  This  difference is probably  caused by the  effect of the 
je t   s t ream on the  measured  temperature. At the  turbine  exit,  the  jet  stream is 
hotter  than  the  primary  stream,  resulting  in a low value of measured  work  out- 
put and, therefore, a lower turbine efficiency. 
Rotor  Exit  Hot-wire  Survey 
A hot-wire  anemometer  survey was conducted at the  rotor  trailing  edge. 
The  turbine  exit  total  pressure  survey  was  used  to  define  the  radial-circum- 
ferential  path of the  hot-wire  probe  to  avoid  the  stator  wakes.  The  results of 
this  survey  are  presented as contours of rotor  relative  total  pressure  ratio 
(PT5rel/PT3rcl) in Figure 22. The rotor trailing edge positions, as indicated 
by an electronic  measuring  device,  are shown together  with  the  pressure and 
suction  side of the  blade  wakes.  Contours of relative  total  pressure  ratio  great- 
e r  than 1 . 0  a r e  shown.  The  cause  for  the  error is not known but the  data  illus- 
t ra te  the relative magnitude, shape, and location of the areas of rotor loss. The 
blade  wakes are  fairly  discernable  from hub to  tip. A conglomerate of cores of 
relatively  high  and low loss  are  seen as a large  area  in  the  hub  region while  the 
core with the  smallest loss is found adjacent  to  the  tip  shroud  occupying a rela-  
tively  small  area.  The hub region is the a rea  of the  blade  most  susceptible  to 
separation and, in view of the  high  losses  in  the  region,  separation  probably  did 
occur.  Also  the  core of high loss in  the t ip  region is probably  the  result of 
local  separation.  These  high  losses  combined  with  the  restricting  effect of the 
jet  flap  reduce  the  effective flow area of the  rotor  blade  changing  the  reaction 
characteristics of the  turbine  in a manner  consistent  with  that  shown  in  Figure 14. 
PERFORMANCE WITH DESIGN JET-FLAP SLOT WIDTH 
A second  jet-flap test was  conducted after modification of the initial jet-flap 
slot. The slot width was increased from 0.022 to 0.038 inches, This second 
slot  size  was  selected  to  obtain  the  design  secondary flow of 5 percent  based on 
flow coefficient  data  contained  in Appendix A. The 0. 038-inch slot  size is r e  - 
ferred  to  hereafter  as  the  design  slot width. 
Secondary  Airflow  Survey 
The  secondary  airflow  survey  for  the  turbine  with  design  jet-flap  slot  width 
was  conducted  at  secondary-to-primary  total  pressure  ratios of 0.993, 0 .677 
and 0.492. These  pressure  ratios  correspond  to  secondary flow rates  of 
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approximately 6.5, 3.5, and 1. 5,percent of primary flow rate. Improvements 
in  the  blade  vibrational  characteristics  and  minor  adjustments  to  turbine  inlet 
temperature and pressure  permitted  the  survey  to  be  conducted  at  the  design 
equivalent  speed.  The  entire  test  was  conducted  with  the  secondary air total 
temperature  essentiaJly  equal  to  turbine  inlet  total  temperature. 
Figure 23 shows  the  Variation of both primary and  secondary  equivalent 
flow as a function of overall  total-to-static  expansion  ratio with lines of secon- 
dary-to-primary  pressure  ratio.  The  secondary flow is choked at the  largest 
value of secondary-to-primary  pressure  ratio  (0.993) but is not  choked at the 
lower two values.  The  primary  equivalent flow is directly  affected by secon- 
dary-to-primary  pressure  ratio.  Increasing  the  magnitude of the  secondary- 
to-primary  pressure  ratio  results in a decrease  in  primary  equivalent flow for 
a given overall  expansion  ratio.  This  characteristic  may be useful  for  control 
of the  primary flow in specific  applications. 
The  reaction  characteristics  are also affected by the  magnitude of the 
secondary-to-primary  pressure  ratio.  This  characteristic is shown in  Figure 
24 as  the  variation of stator  exit hub  and tip  static  pressure with overall  turbine 
expansion ratio for lines of secondary-to-primary  pressure  ratio.  For a con- 
stant  value of overall  expansion  ratio,  the  stator  exit  static  pressure  increases 
as secondary-to-primary pressure ratio increases. Therefore, less expansion 
occurs  across  the  stator and more  occurs  across  the  rotor  as  secondary-to- 
primary  pressure  ratio  increases fo r  a given  overall  expansion  ratio.  The 
characteristic of decreasing  stator  expansion  ratio with increasing  secondary- 
to-primary  pressure  ratio  also  agrees with the  variations of primary  equivalent 
flow  shown  in  Figure 23. 
The  influence of secondary-to-primary  pressure  ratio on total-to-total and 
total-to-static  efficiency is shown  as a function of expansion  ratio  in  Figure 25. 
At the  lowest  value of PTI/PTO both forms of efficiency a r e  significantly  lower 
than a t  the larger two values of PTI/PTO. This is probably  the  result of a large 
degree of rotor flow separation. A s  PTI/PTO is increased, large portions of 
the flow probably attach resulting in significant gains in efficiency. After the 
major  portion of the flow has  reattached,  the  gain  in  efficiency  diminishes as 
PTI/PTO is increased. 
The  selection of the  secondary-to-primary  pressure  ratio  for  mapping  the 
overall  turbine  performance  was  premised on considerations of efficiency, 
secondary  flow  rate, and the  blade  design  parameters.  The  variation of percent 
secondary flow rate,  total-to-total  efficiency, and total-to-static  efficiency  are 
shown  in  Figure 26 as a function of secondary-to-  primary  pressure  ratio  at  the 
design  blade-jet  speed  ratio. A secondary-to-primary  pressure  ratio of 0.825 
was  chosen  because it matches  the  design  value of secondary  flow (5 percent) 
and nearly produces peak efficiency. A lower value of PTI/PTO such  as 0 .7  
appeared  attractive  for  the  overall  performance  mapping  because of the  lower 
secondary flow rate (4 percent) and  the small  loss  in  total  efficiency (0. 5 percent). 
However,  since  the  small  slot  size  mapping  was  conducted  at 4 percent  secondary 
flow,  the  larger  value  was  favored  for  this  test. 
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Overall  Turbine  Performance 
The  overall  performance  map of the  turbine  with  the  enlarged  jet-flap  slot 
width  and a secondary-to-primary  totdl  pressure  ratio of 0.825 is shown  in 
Figure 27. This map presents the performance characteristics in the same 
format  as  employed  for  the  turbine with the small  jet-flap  slot.  The  design- 
equivalent  work  and  speed are indicated by point A whereas  the  design-equiva- 
lent  work  and  flow-speed  parameter  are shown by point B. Comparison of the 
flow-speed  parameters at the same  design  specific  work  indicates  that  the  tur- 
bine flow capacity  was 3.5 percent  greater  than  design. 
The  variation of equivalent  weight flow with  overall  total-to-total  expansion 
ratio and equivalent speed is shown in  Figure 28. At  expansion  ratios  less  than 
2. 0, there is a reduction  in  equivalent flow as  equivalent  speed is increased  for 
a given expansion ratio. At expansion  ratios  greater  than 2. 3, the  turbine is 
choked a t  a value of 47.45  lb/sec  for  all  equivalent  speeds  investigated. At the 
design  expansion  ratio of 2. 1 and  design  speed,  the  turbine flow capacity  was 
47.38  lb/sec  compared  to  the  design  value of 45.51  lb/sec..  This  corresponds 
to  an  excess  capacity of 4.1  percent. 
Figure 29 shows  the  variation of equivalent  torque  with  equivalent  speed 
and total-to-total  expansion  ratio.  Limiting  loading  was  achieved  for  all  speeds 
investigated  except  at 70 percent.  Operation  was  limited  to  total-to-total  ex- 
pansion  ratios  less  than 1 . 9  at 70  percent  speed  because of excessive  blade  vi- 
brational  stress. 
The  variation of total-to-total  efficiency  with  blade-jet  speed  ratio  and 
equivalent speed is shown  in  Figure 30. The peak efficiency shown is 92. 7 per-  
cent  occurring  at 110 percent  speed  and a blade-jet  speed  ratio of 0 .  52. The 
rapid  deterioration of efficiency  at  the  lower  blade-jet  speed  ratios  for  all  speed 
lines  except 70 percent is the  result of the  turbine  approaching  limiting  loading. 
The  overall  performance  mapping  was  conducted  at  essentially a constant 
ratio of secondary-to-inlet  total  pressure of 0. 825 resulting  in a variation of 
secondary airflow rate with equivalent speed. This variation is shown as a 
function of equivalent  speed and total-to-static  expansion  ratio  in  Figure 31. 
During  the  entire  performance  mapping,  the  secondary air and primary  air  in- 
let  total  temperatures  were  essentially  equal. 
The  variation of hub  and tip  static  pressure  through  the  turbine is shown for 
the  design  speed  condition  in  Figure 32 as a function of overall  total-to-total  ex- 
pansion  ratio.  The  rotor hub reaction  was  near  zero up to  an  expansion  ratio of 
2. 1 and was positive at larger  expansion  ratios.  The  lack of rotor hub negative 
reaction is partly  the  result of the  increased  stator  flow  area and partly due to 
a reduction  in rotor effective flow area  caused by the  trailing  edge  jet. 
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The  blade  surface  static and internal  cavity  pressures at the  mean  section, 
taken  while  operating  at  design  equivalent  speed and expansion  ratios of 1. 85, 
2.10, and 2.27,  a re  shown in Figure 33. The magnitude of the blade internal 
cavity  pressure at the 2 .27  expansion  ratio  appears  inconsistent with the  measure- 
ments at the  other  expansion  ratios.  These  measurements  were  also  questioned 
for  the  small  slot  size test and are  probably  the  result of faulty  instrumenta- 
tion. 
Rotor  Exit  Efficiency  Survey 
Circumferential  traverses of a combination  total  pressure,  temperature 
and yaw angle  probe  were  made  at  the  rotor  trailing  edge  in a manner  'identi- 
cal  to  that  for  the  turbine with the small  jet-flap  slot. The  contour  map of local 
efficiency  for  the  turbine with the  large  jet-flap  slot is shown  in  Figure 34. The 
general  shape and characteristics of this  survey  are  very  similar  to  the  survey 
for the small slot. Graphic integration of the contours indicates an average 
efficiency of 84.9  percent  compared  to 91. 1 percent  based on torque,  speed,  and 
flow measurements. 
Rotor  Exit  Hot-wire  Survey 
~~ 
A hot-wire  survey was  conducted  at  the rotor  trailing  edge  at  the  design 
speed and  expansion  ratio  in a manner  identical  to  that  employed  for  the  turbine 
with the small  jet-flap  slot.  The  results of this  survey  are  presented  in  Figure 
35 as  contours of rotor  relative  total  pressure  ratio (PTSrel 
magnitude of these  pressure  ratios is recognized to be excessively large. This 
is possibly due to a changing  calibration of the  hot-wire  film .as a result of for -  
eign particle impingment. The contour plot is useful to identify relative mag- 
nitude and location of rotor loss. The  relatively low values of rotor  relative 
pressure  ratio in  the hub region  are a probable  indication of flow separation  as 
suggested by the  rotor  exit  local  efficiency  survey. 
'PT3rel)' The 
COMPARISON OF THE TWO JET-FLAP CONFIGURATIONS 
A comparison of the two jet-flap  configurations is made with respect to 
their characteristics of flow, reaction, torque, and efficiency. The performance 
characteristics of the  small  jet-flap  slot  were conducted at a secondary-to- 
primary  pressure  ratio of 0. 985 while  the  performance  with  the  design  jet-flap 
slot was conducted at a ratio of 0.825.  These  pressure  ratios  correspond  to 
4 percent and 5 percent  secondary flow rate,  respectively,  at  design  equivalent 
speed  and  expansion  ratio. 
The  equivalent flow characteristics  at  design  equivalent  speed  are  shown  for 
the two configurations in Figure 36. The  characteristic of reduced  primary 
flow rate  with increased  secondary flow rate  exists  over  the  range of expansion 
ratio . 
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The  larger  slot  size and  the  associated  increased  secondary flow rate has 
an influence on the  stage  reaction  characteristics.  The  reaction  characteris- 
tics  are  evidenced  by  the  variation of stator and rotor  exit  static  pressures as 
shown  in  Figure 37. 
The  equivalent  torque  characteristics  for both  configurations a re  shown  in 
Figure 38. The  solid  lines  represent  the  design  slot  configuration and the 
dashed  lines  represent  the  small  slot  design. Both units  exhibit  similar  torque 
variation  with  overall  expansion  ratio and equivalent  speed. 
The  overall  performance  maps  can  be  compared  in  Figures 9 and 27. The 
general  level of efficiency of the  larger  slot  configuration is one point higher 
than the small slot design. However, consideration must be given to  the  larger 
secondary flow rate  employed  with  the  larger  slot  configuration and the  man- 
ner  in which  the  efficiency is defined. If a thermodynamic  efficie.ncy is con- 
sidered which is defined as: 
a different  point of view  could  possibly  be  formed. 
A comparison of the  rotor  exit  efficiency  surveys is presented  in  Figure 
39 showing  the  radial  variation  in  efficiency  for both configurations.  The  plot 
was  constructed by graphic  integration of the  circumferential  efficiency  contours 
at each radial depth. Both turbines have similar characteristics; however, the 
unit  with  the larger  slot width  and  higher  secondary flow has  an  efficiency of 
84.9  percent  compared  to an efficiency of 85.4  percent  for  the  turbine with  the 
smaller  slot width. The  difference is probably caused by the  increased  effect 
of the  larger  jet flow rate on the  measured  temperature. At  the  turbine  exit, 
the  jet  stream is hotter  than  the  primary  stream  resulting  in a lower  value of 
measured  work output and, therefore, a lower  turbine  efficiency. 
The  extremely low hub  efficiency  for both units is probably  the  result of the 
secondary flow failing  to  negotiate  the  turn  inside  the  blade  passage.  Turning 
vanes  inside of the  blade would probably  improve  this  condition  significantly. 
COMPARISON OF PERFORMANCE OF JET-FLAP BLADE TURBINES WITH 
PLAIN BLADE TURBINE 
A comparison of the  overall  performance  maps of the  jet-flap  blade  turbines 
with small  and  design  slot  widths  (shown  in  Figures 9 and 27) can be made with 
that of the plain blade turbine shown in Figure 40. However, consideration must 
be  given to  the  definition of the  jet-flap  turbine  efficiency  when  comparing  the 
efficiency  characteristics of the  different  turbines. Jf the  isentropic  energy of 
the  secondary flow were  charged  to  the  jet-flap  efficiency, it is possible  that 
the  resulting  comparison would be different. 
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Over  the  entire  range of speed  and  expansion  ratios  investigated, the jet-  
flap  turbines  produced  equal or superior  performance  than  the  plain  blade at 
corresponding  speeds  and  expansion  ratios.  Also  the  jet-flap  turbines  exhibited 
a broader  range of efficiency  than  the  plain  blade  turbine. At 100 percent  equiv- 
alent  speed  the  jet-flap  turbine  with  design  slot  width  produced  an  efficiency in 
excess of 90 percent  from an expansion  ratio of 1.45  to 2.30. By contrast,  the 
plain  blade at 100 percent  speed  produced an efficiency  slightly  in  excess of 90 
percent at an expansion  ratio of 1.45 but the  efficiency  continually  decreased  as 
expansion  ratio  increased. At an  expansion  ratio of 2.3  the  plain  blade  effi- 
ciency is approximately  87.5  percent. It is possible  that  this  difference  in 
efficiency  characteristic  could  be  attributed  to  the  more  favorable  rotor hub 
reaction  characteristics of the  jet-flap  turbine. 
The  reaction  characteristics  are  illustrated  by  the  static  pressure  distribu- 
tion  through  the  plain  blade  turbine  and  the  jet-flap  turbine  with  design  slot width 
in  Figure 41. From  an  expansion  ratio of 1.45  to 2.06 the  jet-flap  turbine  had 
essentially  impulse  rotor hub conditions and positive  rotor hub reaction  at  ex- 
pansion  ratios  greater  than 2. 06. The plain rotor  blade  operated  at  negative 
hub reaction  over  a  range of expansion  ratios  from  1.45  to 2. 1 and  had positive 
reaction  at  larger  expansion  ratios. 
The  equivalent flow characteristics of both jet-flap  turbines and the  plain 
blade  turbine  are  shown as a  function of expansion  ratio  at  the  design  equivalent 
speed  in  Figure 42. Both jet-flap  turbines  passed  less flow than  the  plain  blade 
turbine  at  corresponding  expans ion ratios. 
A comparison of the  rotor  exit  efficiency  surveys is made  in  Figure 43 
showing  the radial  efficiency  variation  obtained  by  graphic  integration of the 
circumferential efficiency variation. Integration of these radial efficiency 
variations  indicates an efficiency of 87. 1 percent  for  the  plain  blade  and 84. 9 
and 85. 4 percent  for  the  design and small  slot  jet-flap  blades,  respectively. 
Consideration  must be given  to this  comparison  in view of the  influence of the 
jet   stream on the  measured  rotor  exit  temperature. At  the  turbine  exit  the  jet 
s t ream is hotter  than  the  primary  stream  resulting  in a low value of measured 
work  output  and,  therefore,  a  lower  turbine  efficiency. 
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SUMMARY OF RESULTS 
The  performance of a single-stage  turbine with a jet-flap  rotor  blade  was 
investigated  over a range of equivalent  speeds  and  expansion  ratios. Two jet- 
flap  slot  widths  were  tested. For  each  slot width a preliminary  test of the 
effects of the secondary airflow on the turbine performance was  made. Based 
on these  tests a nominal  value of secondary flow was  selected  for  each  slot and 
the overall turbine performance measured. The results of this  test  were  com- 
pared  to a plain  blade  turbine. Both the  jet-flap and plain  blade  rotors  were 
designed  to  the  same  velocity  diagrams which had  negative  rotor  hub  reaction. 
The 
0 
0 
0 
0 
0 
0 
following  observations  were  made. 
At corresponding  operating  points,  the  primary  equivalent flow of the jet-  
flap  turbine  was  less  than  the  equivalent flow of the  plain  blade  turbine and 
decreased further as the secondary flow was increased. For example, at 
design  speed and pressure  ratio the  plain  blade  equivalent flow was 47. 85 
lb/sec,  the  jet-flap with 4 percent  secondary flow was  47. 6 lb/sec, and with 
5 percent  secondary flow was 47.4 lb/sec.  
At a fixed  turbine  pressure  ratio,  the  reaction  across  the  stator and rotor 
changed significantly as the secondary airflow was changed. An increase 
in  the  secondary  airflow  caused a decrease  in  the  stator  pressure  ratio 
and an  increase  in  the  rotor  pressure  ratio. 
The  principal  difference  between  the  two  jet-flap  configurations  was a de- 
crease  in  the  primary  airflow  as  the  slot  size and secondary  airflow  was 
increased. In general, the blade with the  larger  slot showed about a one 
point  improvement  in  efficiency;  the  efficiency  being  based on the  ideal 
work of the  primary  stream only. 
For  a given operating condition, the jet-flap turbine efficiency increased 
rapidly  as  the  jet flow was  increased and then leveled off. This  may be due 
to separated flow occurring  at  the low jet flow rates.  At  some  value of 
jet flow,  the primary flow becomes  attached  and  thereafter  only  small 
gains in efficiency are made. The leveling-off in efficiency with the larger 
slot  occurred  at about 4 percent  jet flow. 
The  efficiencies of the  jet-flap  turbines  at  design  speed and pressure  ratio 
were 90. 1 and 91. 1 for  the  small  slot ( 4  percent  secondary flow)  and  the 
large slot (5 percent secondary flow), respectively. These efficiencies 
were  based on the  ideal  work of the  primary  stream only. The cor res -  
ponding plain  blade  turbine  efficiency  was  88.4. 
The  rotor hub reaction of the  jet-flap  blades was essentially  impulse up to 
a pressure  ratio of approximately 2. 1 and was  positive  at  higher  pressure 
ratios. The plain blade rotor hub reaction was negative, that is decelera- 
ting  flow,  up  to a pressure  ratio of 2. 1 and positive  thereafter. 
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0 Comparison of the  rotor  exit  surveys showed no improvement  in flow con- 
ditions at the rotor  hub. of the  jet  -flap  blades  relative  to  the  plain  blade, 
At the  mean  section,  the  jet flow eliminated all traces of the stator wakes 
that  were  present  in  the  plain  blade  survey. 
0 The  secondary flow apparently  did  not efflux uniformly  normal  to  the  blade 
surface  from  hub  to  tip.  The  deficiency of secondary flow in  the hub region 
is probably  the  cause of failure  to  improve flow conditions  in  the  hub  region. 
The  secondary flow inside  the  blade  probably  could  not  negotiate  the  sharp 
turn  from  the  radial  direction  near  the hub. Therefore,  there was in- 
sufficient jet flow  at  the  hub  where it was  most  needed.  Internal  turning 
vanes or orificing  in  the  blade  cavity  should  improve  this  situation. 
0 The  allowance  made  in  the  blade  channel  to  account  for  the  reduction  in 
effective flow area  caused by the  jet was insufficient and the  design  velocity 
diagrams  were not obtained. 
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APPENDIX 
Secondary  Flow  Characteristics of the  Jet-Flap  Blade 
An investigation  was  conducted at the NASA-Lewis Research  Center  to 
determine  the  secondary  flow  characteristics of the  jet-flap  blade  with  various 
slot widths. The test apparatus used is shown in Figure 44. The secondary 
air temperature and pressure  were  measured  in  the  inlet  plenum  where  the 
Mach number  was less than 0.2. The tests were  conducted by increasing  the 
blade  cavity  pressure  to  increase  blade  slot  pressure  ratio.  The  flow  was  dis- 
charged  to  the  atmosphere.  The  measured  equivalent  weight  flow of a sample 
blade is shown in  Figure 45. 
Tests  were  made  with a blade  having  slot  widths of 0.018, 0.025, and 0.041 
inches. In each case the slot length was 4.40 inches. The small increase in 
weight  flow after  the  slot was apparently  choked is attributed  to  a  slight  en- 
largement of the  slot  under high internal  pressures.  The  data  converted  to  the 
slot flow coefficient are shown  in  Figure 46. 
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Figure 2. Design velocity diagrams. 
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Figure 3. Jet-flap blade profiles and channels. 
26 
Figure 4. Station nomenclature 
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Figure 5. Variation of efficiency with blade-jet speed ratio  for lines of 
secondary-to-primary pressure  ratio-0.022-inch  slot. 
Secondary-to-primary 
Y 
I 
A 75 
74 
Total-to-static expansion  ratio -PT,Q/Pst6 
Figure 6. Variation of efficiency with overall total-to-static expansion 
0.022 -inch slot. 
ratio  for lines of secondary-to-primary pressure ratio- 
29 
48 
46 
45 
44 
AR X" 
1.0 
I t 
1.2 1.4 1.6 1.8 
Total-to-static  expansion  ratio -PT 0/Pst6 
Figure 7 .  Variation of primary  equivalent  weight flow with expansion  ratio 
for  lines of secondary-to-primary  pressure  ratio"0.022-inch  slot, 
87-percent  design  speed. 
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Figure 9. Overall  performance of jet-flap turbine with 0.022-inch  slot- 
PTI/PTO = 0.985. 
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Figure 10. Variation of primary equivalent  weight  flow  with expansion ratio for lines of constant 
equivalent speed for jet-flap turbine  with 0.022-inch  slot- PTI/PTO = 0.985. 
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Figure 11. Variation of equivalent  torque with  expansion ratio  for lines of constant 
equivalent  speed  for  jet-flap  turbine with 0.022-inch  slot-PTI/PTO = 0.985. 
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Figure 12. Variation of total  efficiency with blade-jet  speed  ratio for lines of constant 
equivalent speed for jet-flap  turbine with 0.022-inch slot"PTI/PTO = 0.985. 
Figure 13. Variation of secondary  equivalent flow rate with total-to-static  expansion  ratio for lines of 
constant  equivalent  speed with 0.022-inch  slot--PTI/PTO = 0.985. 
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Figure 14. Variation of station hub and tip  static  pressure with turbine 
expansion ratio at design equivalent speed  for  jet-flap turbine with 
0.022-.inch slot"PTI/PTO = 0.985. 
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Figure 15. Variation of measured  blade  surface  static  pressure of 
design  equivalent  speed for  jet-flap  turbine with 
0.022-inch  slot"PTI/PTO = 0.985. 
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Figure 16. Circumferential  variation of blade  element  temperature ratio recorded  during 
rotor  exit  survey  for  jet-flap  turbine with 0.022-inch  slot-PTI/PTO = 0.985. 
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Figure 17. Circumferential  variation of blade  element  total  pressure  ratio  recorded  during rotor exit 
survey  for  jet-flap  turbine with 0.022-inch  slot-PTI/PTO = 0.985. 
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Figure 18. Circumferential  variation of blade element  exit  absolute flow angle recorded  during  rotor 
exit  survey for jet-flap  turbine with 0.022-inch  slot-PTI/PTO = 0.985. 
Figure 19. Circumferential  variation of blade  element  total  efficiency  calculated  from  rotor 
exit  survey  data  for  jet-flap  turbine with 0.022-inch slot-PT&O = 0.985. 
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Figure 20. Turbine stage total efficiency contours for jet-flap turbine. 
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Figure 22. Rotor relative total pressure  ratio contours as determined 
from hot-wire  survey for  jet-flap turbine. 
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Figure 23. Variation sf equivalent  weight flow with expansion  ratio and 
secondary-to-primary  pressure  ratio  for  jet-flap  turbine with 
design  slot width (0.038 inch) at design  equivalent  speed. 
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Figure 24. Variation of stator  exit  static  pressure with total-to-static expansion ratio for lines of 
secondary-to-primary  pressure  ratio with design  slot width (0.038 inch) at design equivalent speed. 
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Figure 25. Variation of turbine  efficiency with blade-jet  speed  ratio 
and  secondary-to-primary  pressure  ratio for jet-flap blade 
with design  slot width (0.038 inch). 
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Figure 26. Variation of efficiency  and  percent  secondary flow rate with 
secondary-to-primary  pressure  ratio at design  blade-jet 
speed  ratio-0.038-inch  slot. 
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Figure 27. Overall performance of jet-flap turbine with design  slot 
width (0.038 inch) -PTI/PTO = 0.825. 
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Figure 28. Variation of primary equivalent weight  flow with expansion ratio for lines of constant 
equivalent speed for jet-flap  turbine with design  slot width (0.038 inCh)-PTI/PTO = 0.825. 
Figure 29. Variation of equivalent  torque with expansion ratio  for  lines of constant  equivalent 
speed for jet-flap  turbine with design  jet-flap  slot width (0.038 inch)-PTI/PTO = 0.825. 
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Figure 30. Variation of efficiency with blade-jet  speed  ratio  for  lines of constant  equivalent 
speed  for  jet-flap  turbine with design  slot width (0.038 inch)-PTI/PTO = 0.825. 
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Figure 31. Variation of secondary  equivalent weight flow with expansion ratio for lines of 
constant  equivalent  speed with design  slot width (0.038 inch)-PTI/PTO = 0.825. 
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Figure 32. Variation at station hub  and tip static  pressure with turbine 
expansion  ratio at design  equivalent speed for  jet-flap  turbine 
with design Slot width (0.038 inCh)-PTI/PTO = 0.825. 
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Figure 33. Variation of measured  blade  surface  static  pressure at design 
equivalent  speed  for  jet-flap  turbine with design  slot width 
(0.038 inCh)-pTI/PTO = 0.825.  
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Figure 34. Turbine stage total efficiency contours for jet-flap 
turbine with design  slot width. 
57 
Pressure s 
Suction s 
I I U 1,..1 
Rotor relative  total  pressure 
..:.... 
above 1.2 
1.1 to 1.2 
1.0 to 1.1 
0.97 to 1.0 
ratio, p T5r,1/PT3re1 IEEq 0.94 to  0.97 a0. go to 0.94 
Figure 35. Rotor  relative  total  pressure  ratio  contours as determined 
from  hot-wire  survey  for jet-flap turbine with design  slot width. 
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Figure 36. Comparison of primary  equivalent flow characteristics for jet-flap  turbines 
with small  and  design slot widths at design equivalent  speed. 
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Figure 37. Comparison of station hub and  tip  static  pressure ratio with 
expansion  ratio at design  equivalent  speed  for  jet-flap  turbines. 
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Figure 38. Comparison of equivalent torque  characteristics of 
jet-flap  turbine with small and design  slot width. 
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Figure 39. Comparison of radial  distribution of efficiency at station 5 
for  jet-flap  blades with small and design  slot width. 
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Figure 40. Overall performance of plain rotor blade turbine. 
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Figure 41. Variation of station hub and tip static  pressure with turbine 
expansion  ratio for plain blade turbine  and  jet-flap  turbine with design 
slot width at design  equivalent speed. 
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Figure 42. Comparison of primary equivalent flow characteristics of plain blade turbine 
with jet-flap turbine with two different  slot widths. 
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Figure 43. Comparison of radial  distribution of efficiency  at  station 5 for  jet-flap 
-and plain blade turbines. 
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Figure  44. Test apparatus used  to  measure flow through slot of jet-flap blade. 
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Figure 45. Variation of blade equivalent  secondary weight- flow with slot  pressure 
ratio  for  different  slot widths. 
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Figure 46. Variation of jet-flap blade slot flow coefficient with slot 
pressure  ratio for lines of slot width. 
